An instrument for monitoring of the vertical profile of atmospheric optical turbulence strength, employing the Slope Detection and Ranging (SLODAR) double star technique applied to a small telescope, has been developed by Durham University and the European South Observatory. The system has been deployed at the Cerro Paranal observatory in Chile for statistical characterization of the site. The instrument is configured to sample the turbulence at altitudes below 1.5 km with a vertical resolution of approximately 170 m. The system also functions as a general-purpose seeing monitor, measuring the integrated optical turbulence strength for the whole atmosphere, and hence the seeing width. We give technical details of the prototype and present data to characterize its performance. Comparisons with contemporaneous measurements from a differential image motion monitor (DIMM) and a multi-aperture scintillation sensor (MASS) are discussed. Statistical results for the optical turbulence profile at the Paranal site are presented. We find that, in the median case, 49 per cent of the total optical turbulence strength is associated with the surface layer (below 100 m), 35 per cent with the 'free atmosphere' (above 1500 m) and 16 per cent with the intermediate altitudes (100-1500 m).
I N T RO D U C T I O N
Measurements of the profile of the strength of atmospheric optical turbulence as a function of altitude, C 2 n (h), are crucial in the development and application of adaptive optical (AO) systems for astronomy. Turbulence profile measurements permit informed characterization of the performance of existing AO facilities employing natural guide stars or laser reference beacons (Rousset et al. 2003; Wildi et al. 2003; van Dam et al. 2006; Boccas et al. 2008; Myers et al. 2008) . Statistical turbulence data for the telescope site are required to model the expected performance of planned AO instruments, including the next generation of systems implementing advanced AO concepts such as ground layer (GLAO), multiconjugate (MCAO) and multi-object adaptive optics (MOAO) (Herriot et al. 2005; Anderson et al. 2006; Esposito et al. 2006; Arsenault et al. 2008; Bec et al. 2008; Fusco, Rousset & Assemat 2008) . Anisoplanatism of the point-spread function for images obtained with AO correction can be characterized if contemporaneous turbulence profile measurements are available (Wilson & Jenkins 1998; Fusco et al. 2000; Britton 2006 ). Turbulence profile data may also be used to optimize the operating parameters of an AO system for the ambient conditions, if measurements are available in real-time (Fusco et al. 2001 ).
E-mail: r.w.wilson@durham.ac.uk A number of methods have previously been employed to measure the vertical profile of turbulence including balloon-borne probes (Vernin & Muñoz-Tuñón 1994) , acoustic sounding (Travouillon et al. 2003) and optical methods based on measurements of stellar scintillation including multi-aperture scintillation sensor (MASS) (Tokovinin et al. 2003) , scintillation detection and ranging (SCI-DAR) (Vernin & Muñoz-Tuñón 1994; Egner & Masciadri 2007) and low-layer SCIDAR (LOLAS) (Avila et al. 2008) .
SLODAR is an optical turbulence profiling method based on the use of a Shack-Hartmann wavefront sensor (WFS) to observe double star targets (Wilson 2002) . Like SCIDAR and LOLAS, SLO-DAR is an example of a crossed-beams triangulation technique for turbulence sensing. Details of the method for recovery of the turbulence profile from the cross-covariance of the WFS data for two stars is described by Butterley, Wilson & Sarazin (2006) . The same approach can be applied to recover the turbulence profile from the cross-correlation of the multiple WFS measurements in a tomographic AO system (Tokovinin & Viard 2001; Milton et al. 2007; Wang, Schock & Chanan 2008) .
The advantages of the SLODAR method are that it is sensitive to turbulence at all altitudes including the ground level, with a response function that is only a weak function of altitude. It is straightforward to calibrate in terms of the absolute turbulence profile. The translation velocities of individual turbulent layers' velocities can also be measured directly. For a given telescope and WFS configuration, the altitude sampling resolution for SLODAR can be tuned by selecting double star targets with appropriate angular separation: for small angular separations, the whole profile is mapped from the ground to high altitude. For wider double stars, the lower part of the atmosphere can be monitored in detail. Hence, the system can be configured to operate as a general purpose profiler or specifically to monitor the ground layer (GL), according to requirements. In either mode, the total integrated turbulence strength for the whole atmosphere is also measured, by a method similar to that for a differential image motion monitor (DIMM) (Sarazin & Roddier 1990) .
A prototype portable SLODAR system was commissioned by ESO for statistical characterization of atmospheric turbulence in relation to the application of AO imaging at the Very Large Telescope (VLT) (Wilson et al. 2004 ). The instrument was optimized for detailed study of the ground layer of optical turbulence, in approximately the first kilometre above the site. In particular, the aim was to distinguish the turbulence contribution from the 'surface layer' (SL), corresponding to the first ∼100 m altitude, and the detailed profile of turbulence in the range of altitudes from 100 to 1000 m, referred to as the 'grey zone' (GZ) (Tokovinin 2004) . The distribution of turbulence in the GZ determines the corrected field-of-view for GLAO and MCAO systems. The contribution of the 'free atmosphere' (FA), in terms of the total integrated turbulence strength for higher altitudes >1 km is also measured by the SLODAR.
We give a technical description of the prototype, including key hardware and methods for data acquisition and reduction. The limiting magnitude and temporal coverage, altitude resolution and limiting sensitivity for turbulence measurements are discussed. We compare SLODAR observations with contemporaneous data from the combined MASS-DIMM instrument (Kornilov et al. 2007 ) of the Paranal automated site monitor (ASM). Statistical results are given for the turbulence profile above the Paranal site.
T E C H N I C A L D E S C R I P T I O N
The prototype SLODAR instrument is shown in Fig. 1 , located in the north-west corner of the VLT platform, a few metres from the tower of the ASM. The system is implemented on a SchmidtCassegrain telescope with aperture diameter 40 cm. The SLODAR instrument comprises the WFS optics and detector, and powered rotation and focus stages for automatic alignment of the instrument. The telescope mount is computer controlled and autoguiding is implemented, with pointing corrections calculated directly from the WFS images. The autoguider system also corrects for the focus and rotation of the WFS relative to the telescope image, via the instrument rotator and focus stages. Using the rotator, the orientation of the WFS is maintained such that the rows of the lenslet array (LLA) lie parallel to the sky position angle of the double star target. The SLODAR analysis is then simplified and accelerated, since the cross-covariance of the WFS measurements need only be calculated in one dimension, in order to recover the turbulence profile.
Wavefront sensor
The WFS optical assembly, attached directly to the body of the CCD camera, comprises a collimating achromat and a LLA, which is positioned at the image of the telescope entrance aperture formed by the collimator. The assembly includes manual adjustments for initial internal alignment of the optical components.
The spatial sampling of the telescope aperture by the WFS was chosen to provide the best possible resolution in altitude for turbulence profiling while maintaining sufficient signal-to-noise ratio for reliable wavefront sensing. For SLODAR, the number of sampling elements in altitude is equal to the number of subapertures of the WFS projected across the telescope aperture. A configuration of 8 × 8 subapertures was chosen (total of 48 unvignetted), yielding eight resolution elements of the turbulence profile. For the resulting 5 cm subapertures, effective WFS measurements are possible for target stars as faint as magnitude V = 7. For this limiting magnitude, there are sufficient double star targets available with the required separation and brightness to permit continuous operation of the profiler.
An image scale at the WFS detector of 1 arcsec per pixel provides sufficient sampling for accurate centroiding of the WFS spot images, which have a diffraction limited FHWM of approximately 2 arcsec. For profiling of the GL, the optics are configured so that the WFS subaperture images are separated by 7 arcsec at the detector. For typical double star targets used, with separations in the range 60-70 arcsec, the patterns of 8 × 8 spots for each star are then fully separated in the WFS images.
The WFS detector for the prototype system is an Andor Ixon DV860B back-illuminated electron-multiplication (EM) CCD camera. The detector has a peak quantum efficiency of greater than 90 per cent at a wavelength of 550 nm. The maximum EM gain factor is 1000, so that the signal for each detected photon is multiplied by a factor of 1000 before read-out. This results in an effective rms read-out noise of less than 0.1 electron per pixel. Frame rates of up to 450 Hz (full frame 128 × 128 pixels with no binning) are possible. Typically, frame rates of approximately 200 Hz are used for SLODAR, with exposure times of 2 to 3 ms.
System control
The system is controlled by a single Linux workstation. High-level Python scripts are implemented for control of the telescope and camera systems, and to perform real-time data reduction. Parallel threads of execution are implemented for the WFS image acquisition and for the autoguider and data reduction processes. Data reduction is carried out continuously and turbulence profiles are available in real time.
Once a suitable target has been acquired into the field of view of the WFS, autoguiding and data acquisition proceeds automatically until the target elevation becomes too low, when a new target must be acquired. Raw WFS image data is acquired in short packets of (typically 200) frames. For each data packet, the autoguider system calculates and applies any corrections required to the telescope pointing (to centre the target), the instrument rotator (to orientate the double star separation along the axis of the WFS) and instrument focus (to give the correct separation of spots on the WFS). If the WFS image position, rotation, focus and flux level are within required tolerances the data packet is passed to the data reduction system for analysis, archiving and display. The WFS data packets are integrated so that 3000 CCD frames, or approximately 15 s of WFS data, contribute to each turbulence profile measurement. Depending on overheads for the autoguiding process, an elapsed time of approximately 30 s is required for each measurement.
Data processing
The method for recovery of the optical turbulence profile from SLODAR data is described in detail elsewhere (Butterley et al. 2006) . The main steps can be summarized as follows:
(i) The mean WFS spot positions are located on the image via a grid fit to the pixel intensities, yielding the position, rotation, interspot separation and intensity of the WFS pattern. These data are used by the autoguider system to determine offsets to the telescope pointing, focus and rotator setting. The WFS spot positions are used to define subwindows (typically 6 × 6 pixels) for centroiding of each WFS spot.
(ii) The average WFS image background level is determined and subtracted. A threshold value is also subtracted from the WFS images, and pixels with negative values after subtraction of the threshold are set to zero. Centroids are then calculated for the image spots corresponding to all illuminated WFS subapertures in each frame, relative to the centres of the centroiding boxes. The mean centroid for all illuminated subapertures in each frame is subtracted from all centroids, to remove the common motions due to telescope shake and guiding errors. The global position of the set of centroiding windows is adjusted to track these motions, so that the WFS spot images remain within the centroiding boxes. The mean centroids for each subaperture, averaged over all frames for each data set is also subtracted for each frame. Hence, any static, or very slowly changing, aberrations of the optical system are removed from the analysis.
(iii) The time-averaged spatial autocovariance (for each star) and cross-covariance (between the two stars of the double) of the centroids are calculated. Since the orientation of the double star target is aligned along one axis of the LLA, the covariance functions can conveniently and rapidly be calculated for spatial offsets in one dimension only.
(iv) The turbulence profile C 2 n (h), up to the maximum altitude for profiling determined by the system geometry, is recovered by a least-squares fit of the theoretical covariance functions (SLODAR 'impulse response functions') to the measured cross-covariance function.
(v) The total integrated turbulence strength for the whole atmosphere is found via a fit to the autocovariance function. The value of the autocovariance at zero spatial offset (the centroid variance) is biased by shot noise and so is excluded from the fit. The integrated turbulence strength at all altitudes above the maximum altitude for direct profiling is found as the difference of the total integrated turbulence and the sum of the turbulence strength in the directly measured profile.
For calculation of turbulent layer velocities, the full twodimensional spatiotemporal cross-covariance function must be calculated for a number of time offsets (e.g. see Wang et al. 2008) . These calculations are, therefore, more computer intensive and typically are carried out either off-line (i.e. not in real time) or on a second networked workstation.
The prototype SLODAR system employs a telescope with a closed tube. We find that, as a result, there can be a significant contribution to the measured turbulence strength in the lowest altitude bin of the profile from turbulence within the optical tube assembly. Correction for the effects of this 'trapped' turbulence can be carried out by applying a high-pass filter to the centroid data streams (Goodwin, Jenkins & Lambert 2007) . For true atmospheric turbulence there is negligible contribution to the power spectrum of the centroid motions at frequencies of less than 2 Hz (after subtraction of the centroid common motion), even when the turbulence is characterized by low wind velocities (∼2 m s −1 ). The trapped turbulence is slow moving and has no characteristic wind velocity, and typically appears at frequencies <1 Hz. Hence, in normal circumstances the contribution of the local turbulence can be removed without risk of biasing the measurement of the true GL turbulence strength. In rare periods of very low surface wind velocity (<2 m s −1 ), the measurement of the SL turbulence strength is biased by applying the local seeing correction. An investigation of the magnitude of this bias has been presented elsewhere (Chun et al. 2009 ). For a wind speed of 1 m s −1 , the measured strength of a turbulent layer is reduced by approximately 10 per cent by the filtering process.
Data products
WFS image sequences are acquired at a rate of approximately 1 to 2 min −1 . Results of the data analysis are available within a few seconds of the completion of each WFS sequence recording, including the following values:
(i) The integrated optical turbulence strength for the whole atmosphere, in terms of the integral of C 2 n (h), Fried's parameter r 0 and the seeing width;
(ii) The integrated turbulence strength in each of the eight directly sensed altitude bins, with the first bin centred at the telescope level;
(iii) The integrated turbulence strength for all altitudes above the highest altitude bin for direct sensing. We refer to this component as the 'unsensed turbulence'. In the case of the prototype SLODAR system, this corresponds to the integrated turbulence strength in the FA, above ∼1 km altitude.
Centroids, WFS image flux values and centroid covariance data are also archived. Raw WFS image data are discarded, since data rates are too high for storage.
S Y S T E M P E R F O R M A N C E

Altitude resolution
The resolution in altitude for turbulence profiling is determined by the angular separation of the target double star, the effective physical separation of the WFS subapertures when mapped on to the telescope aperture, and by the zenith distance of the target (Butterley et al. 2006 ). For targets with wider separations, the altitude resolution of the profiler is improved, but the maximum altitude for direct profiling is proportionately lower.
For a given target separation, smaller subapertures yield higher altitude resolution. However, the minimum size of the subapertures is limited by signal-to-noise constraints, i.e. by the minimum signal required for WFS measurements with faint targets, and by the effects of scintillation. For the 40 cm telescope a subaperture diameter of 5 cm offers the best altitude sampling resolution while ensuring that sufficient bright targets are available for continuous observing.
For 5 cm subapertures and a target with a separation of 60 arcsec at the zenith, the resolution elements have an effective width of 172 m, with the lowest bin centred at the telescope, and the highest bin centred at an altitude of 1200 m.
The resolution (effective bin width in altitude) varies with the zenith angle Z as cos(Z), so that for a target with a separation of 60 arcsec at a zenith angle of 45
• the width of the bins is reduced to 122 m. Hence, when tracking a single target over several hours, the altitude resolution changes significantly, as seen in Fig. 2 .
The resolution in altitude of the system is limited by the maximum double star separation that can be accommodated within the field of view of the WFS CCD whilst maintaining sufficient spatial sampling of the image to allow accurate measurement of the spot motions (∼1 arcsec per pixel). For the Andor iXon DV860 CCD camera with 128 × 128 pixels format sensor, target separations of up to approximately 70 arcsec can be used, giving a resolution of 147 m at the zenith. Higher resolutions can be achieved for larger format detectors. For example, a SLODAR system, based on the ESO prototype, operated at the Mauna Kea observatory employs an EM CCD with a (binned) format of 256 × 256 pixels, yielding a minimum bin width of approximately 50 m for a target at the zenith (Chun et al. 2009 ).
The response of the SLODAR system to a thin turbulent layer is triangular, with width equal to the bin width: hence, for a thin layer at an altitude corresponding to the boundary of two resolution elements, an equal turbulence strength will be registered in the two bins. Similarly, for a single thin layer at an altitude corresponding to the centre of a bin, the total integrated turbulence strength for that layer will be registered in that bin, with zero in the adjacent bins.
Limiting magnitude and target availability
Exposure times for SLODAR must be short in order to minimize 'smearing' of the wavefront measurements during exposures. From numerical simulations, we find that the measured strength of a turbulent layer is underestimated by 10 per cent when the layer translates by twice the WFS subaperture diameter during the exposure time. For the 5 cm subapertures and a typical exposure time of 2 ms, this corresponds to a wind speed of 50 ms −1 . Hence, in most conditions, the turbulence strength is not significantly biased by temporal smearing for exposure times of 2 ms or less. In order to permit continuous monitoring of the turbulence profile, there must be at least one target double star with suitable angular separation at high elevation (>45
• ) at all times. This implies that the system must reach a limiting magnitude of at least V = 7 for wavefront sensing. SLODAR makes use of the cross-covariance of the centroids, which is not biased by shot noise, i.e. the noise is not correlated between subapertures. Hence, the technique can be expected to work at very low light levels. However, for a 5 cm subaperture and 2 ms exposure, there will then be less than 100 detected photons per subaperture per integration, so that the signalto-noise ratio for individual WFS exposures will be low. Hence, the use of a detector with low read-out noise for the WFS detector is essential for the small telescope SLODAR system.
We have carried out numerical simulations of SLODAR observations, including realistic representations of the shot noise and the excess noise factor (ENF) associated with EM CCDs for the WFS detector. For the EM CCD, with 5 cm subapertures, 2 ms exposure time and with 6 × 6 pixels centroiding windows, the input model turbulence profile is recovered accurately for photon rates equivalent to target magnitudes of V = 8. However, in practice, the limiting magnitude is reduced by a number of factors, including the ability to track the WFS spots when there is telescope shake, the effects of scintillation, background light and optical aberrations. The practical system operates successfully with targets of V = 7. There are then targets available at all times of night and year with angular separations in the required range.
For the same simulated system but assuming a detector with five electrons rms read-out noise, the effective limiting magnitude is reduced to V = 6.5. This improves to V = 7 for 4 × 4 pixels windows. Hence, it is possible that a conventional, low-noise, CCD detector could achieve the required limiting magnitude for a SLODAR applied to a small telescope, but we have not tested this in a practical system. It is likely that the use of centroiding regions as small as 4 × 4 pixels would be problematic in the presence of significant wind shake, as is frequently encountered for small telescopes.
The maximum permissible magnitude difference for the two components of the target is determined by the dynamic range of the detector. Typically, a difference of 2 to 3 mag can be tolerated, assuming that both components of the target are individually brighter than the 7 mag limit.
Detection limit and statistical uncertainty of the measured turbulence profiles
This topic has been discussed in detail elsewhere (Butterley et al. 2006) . For typical SLODAR measurements of duration 15 s and comprising ∼3000 individual WFS image frames, the rms scatter of the measured turbulent strength for a sampling bin in which there is no significant turbulence strength is ∼2 × 10 −15 m 1/3 . Hence, a weak turbulent layer, with strength 6 × 10 −14 m 1/3 is detected at the 3σ level in a single observation. Consecutive measurements can be averaged to improve the limiting sensitivity, but with a corresponding loss of temporal sampling resolution. SLODAR profile sequences for eight example nights recorded at Cerro Paranal. These demonstrate the wide range of conditions seen, with a large variation in the strength of the turbulence at the surface, at high altitudes and in the GZ. distributions are approximately log normal in each case. The equivalent seeing width is quoted for an observation wavelength of 500 nm for all cases in this paper.
S TAT I S T I C A L R E S U LT S F O R G RO U N D L AY E R T U R B U L E N C E AT
Given the large variation of observed profile types (Fig. 2) , it is questionable whether a mean or median profile is a useful representation of typical conditions. However, we include this for completeness in Fig. 4 . Here, we have reduced the profiles by rebinning to a common resolution of 200 m, equal to the largest bin size obtained for the entire data set. The plot shows the median turbulence strength for each bin. The median profile shows 49 per cent of the total turbulence strength associated with the first SLODAR sampling bin, centred at ground level. We associate this contribution with the SL. The remaining seven directly sampled bins (altitude range 100 m to a maximum of 1500 m), spanning the GZ, contribute 16 per cent of the total turbulence. The total for all altitudes above 1500 m, associated with turbulence in the FA, is 35 per cent, with a median equivalent seeing angle of 0.46 arcsec.
The median turbulence distribution measured for Cerro Paranal is similar to that measured for Mauna Kea by a similar method (Chun et al. 2009 ). For Mauna Kea, 52 per cent of the total turbulence strength was found to be associated with the SL and 45 per cent with the FA (altitudes above 650 m in that case). The median equivalent seeing width measured for the FA was 0.42 arcsec.
We find no significant correlation of the turbulence strength in the SL, GZ and FA. The correlation coefficients for the measured turbulence strength in these regions, for all data, are less than 0.03 in each case.
We note that the SL of turbulence is essentially unresolved by the current instrument configuration -we typically see a strong signal in bin 1, but weak or negligible turbulence strength in bin 2. The first bin is centred at the ground and so it is effectively half-height, i.e. approximately 80-100 m. Given the triangular response function for SLODAR, we can deduce that the bulk of the SL turbulence must usually be concentrated well within the lower half of the first bin, i.e. within ∼50 m of the ground (otherwise there would be a strong signal in the second bin). Higher resolution observations will be essential to determine the true mean thickness of the SL of optical turbulence.
C O M PA R I S O N W I T H M A S S A N D D I M M
The data from the SLODAR profiler can be compared to contemporaneous measurements from the combined MASS-DIMM instrument of the ASM of the Paranal observatory, which is situated within 20 m of the SLODAR instrument. The DIMM measures the optical turbulence strength for the whole atmosphere, and hence can be compared to the integrated seeing value from SLODAR. MASS provides measures of the turbulence strength in six bins, with altitudes centred at 0.5, 1, 2, 4, 8 and 16 km. We compare measurements of the FA seeing for the two instruments, as the integrals of the measured turbulence strength from the SLODAR and MASS for altitudes above 1 km. For MASS, we use the sum of all bins excluding the 0.5 km contribution. For SLODAR, we use the sum of the bins, including the unsensed layer, with weighting functions applied to match the response function of the MASS as a function of altitude.
We compare measurements of the total GL turbulence for MASS-DIMM and SLODAR. In this case for MASS-DIMM, we subtract the sum of the MASS response (excluding the 0.5 km layer) from the integrated turbulence strength measured by the DIMM. For SLODAR, we integrate the turbulence strength in all bins excluding the unsensed layer, with weighting functions applied to match the response function of the MASS as a function of altitude.
Finally, we compare the seeing measured in the GZ for SLODAR and MASS, comparing the MASS 0.5 km response versus the integral of the SLODAR bins, with weighting to match the effective response function of the MASS 0.5 km bin.
The combined MASS-DIMM instrument requires a very bright single star target, whereas SLODAR requires double stars of a particular separation. Hence, the two instruments employ different targets and do not observe in the same line of site. Furthermore, the MASS-DIMM is mounted on a tower at altitude 6 m, whereas the SLODAR is at ground level. Both instruments produce measurements at intervals of less than 1 min, but the measurements are not synchronized. Hence, we may expect a significant scatter of the individual comparison measurements, due to spatial and temporal non-stationarity of the turbulence profile. To reduce the scatter, the data were averaged over 10 min intervals and we use only those data for which there were at least three SLODAR and DIMM measurements in each 10 min interval. the logarithm of the turbulence strength, so that the measured correlation will not be dominated by values in the tail of the distribution (strongest turbulence). In this case, we find a correlation coefficient of 0.63.
We find a small but significant skew of the scatter plot and a difference of the histograms. There are a significant number of nights on which the SLODAR recorded consistently higher seeing values than the DIMM. This is most obvious in periods of very good seeing (∼0.5 arcsec). We find that the excess turbulence is associated with the first SLODAR bin (the SL): the SLODAR and MASS monitors are in good agreement for the strength of the FA turbulence (see below) and the contribution of the GZ is typically very weak. Given the strong concentration of turbulence within a few tens of metres of the ground, we deduce that the measured excess turbulence strength for SLODAR is associated with the first 6 m altitude, i.e. below the height of the MASS-DIMM telescope mounted on the ASM tower. Profile measurements of the SL with improved resolution in altitude are required to confirm that this is the case.
In periods of very poor seeing (>1.5 arcsec), we find that the SLODAR seeing value is consistently lower than for the DIMM. The use of a small form-factor (128 × 128 pixels) detector for the SLODAR prototype limited the allowable size of the CCD subregions for measurement of each WFS spot to approximately 6 arcsec diameter. This results in significant clipping of the WFS centroid excursions in poor seeing, particularly when accompanied by wind shake of the telescope. In subsequent tests with larger format detectors (results to be presented elsewhere), and an increased interspot distance for the WFS, we find no significant difference of the SLO-DAR and DIMM seeing measurements in poor seeing conditions. (middle left) shows the scatter plot and Fig. 6 (bottom left) the histograms of the contemporaneous values for all data. Again, although a correlation coefficient of 0.64 between the measurements is found (0.50 for the logarithm of the turbulence strength), the same discrepancies are seen, with SLODAR showing an excess of GL turbulence strength relative to MASS-DIMM in weak seeing and underestimating the GL strength in poor seeing. Fig. 6 (top right) shows SLODAR and MASS values for the seeing width associated with the GZ, for the night of 2006 January 7. This was a rare example of a night on which there was sustained strong turbulence in the 100 to 1000 m altitude range. We see a strong correlation between the instruments in this case. However, in the (normal) case of weak turbulence in the GZ, we find that the MASS and SLODAR measurements differ. This is demonstrated in Fig. 6 (middle right) showing the scatter of the contemporaneous values and in Fig. 6 (bottom right) the histograms for the full data set. The mean value for the MASS data is less than for the SLODAR and the distributions differ significantly, with the MASS showing a modal value close to zero. In this case, although the correlation coefficient for all data from the two instruments is 0.62, this is dominated by the small number of data with strong turbulence strength. The correlation coefficient for the logarithm of the turbulence strength is only 0.20.
For conditions of weak seeing at low altitudes (<1 km), the MASS value for the 0.5 km bin can be unreliable, since the weak scintillation for the low layer must be recovered in the presence of a much stronger signal for the higher layers (for which the optical propagation distance is larger). This limitation is expected and was a driver for development of the SLODAR, i.e. to provide detailed measurements of turbulence in the first km altitude.
S U M M A RY
A prototype SLODAR turbulence monitor has been developed and deployed at the Cerro Paranal observatory. The SLODAR complements the MASS-DIMM monitor of the Paranal ASM by providing detailed measurements of the profile of turbulence in the first kilometre above the site. The limiting sensitivity (weakest detectable turbulence strength), limiting magnitude, time resolution and resolution in altitude of the system have been established.
Intercomparison of the SLODAR with MASS-DIMM provides a useful verification of the instrument. The SLODAR shows a strong correlation with the DIMM for the total atmospheric seeing value.
However, we find small but significant excess turbulence strength for the SLODAR, associated with the SL turbulence, and probably originating from the first 6 m altitude, below the height of the MASS-DIMM instrument. The prototype SLODAR instrument is found to underestimate the total turbulence strength in poor seeing conditions, due to field-of-view limitations of the WFS.
Statistical data from operation of the SLODAR on a total of 70 nights in [2005] [2006] show a strong SL of optical turbulence, confined to within 100 m of the surface and comprising 49 per cent of the total measured turbulence strength in the median case. Turbulence in the 'GZ' of altitudes (100-1500 m) is normally weak (16 per cent in the median profile), indicating a large corrected field of view for GLAO correction at the site. Turbulence in the 'FA' (altitudes above 1500 m) accounts for 35 per cent of the total in the median case.
A number of potential improvements of the SLODAR instrument over the prototype design have been identified. A larger format CCD detector is required to avoid clipping of centroid measurements in the WFS. The current closed-tube optical tube assembly results in trapped internal turbulence, whose effects must be removed from the data via a high-pass temporal filter. An open truss tube design would improve the thermal environment of the instrument. Finally, a larger aperture diameter of the telescope would permit a larger number of resolution elements for profiling and/or improved signalto-noise ratio for wavefront sensing.
